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ABSTRACT: The exine of Artemisia vulgaris L. is made up of substructures 10-15 nm in diameter. 
These are parts of units, referred to as tufts, about 100 nm in diameter which extend from the 
spinules down through the tectum, columellae, foot layer and endexine. They also protrude from the 
tectum between the spinules. These tufts have coiled binder subunits around them which in normal 
(axial) surface views usually appear as "C"-shaped gyres. Our results show that the resistant exine 
remaining after degradative treatment consists entirely of tufts. We suggest that the portion of the 
exine removed by oxidation, plasma ashing, and fast atom erosion is extra tuft sporopollenin. 
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INTRODUCTION 

It should be of interest to plant systematists and evolutionary biologists to know if all 
spores and pollen of all land plants from Lycopodium and Selaginella through Ginkgo, 
Cycads, Conifers, Ephedra, Welwitschia and Gnetum to angiosperms like Artemisia vulgaris 
have different or similar exine substructure. The extreme variation in exine form is well 
known and applied in many ways but the way in which exine substructure parallels the 
evolution of land plants is largely unknown. 

Rowley (1995) showed that substructure at the 10-15 nm nanostructure level was similar 
in exines of Lycopodium, Poa, Fagus and Artemisia. Wittbom et al. (1996, 1998) obtained 
similar results with atomic force and scanning tunnelling microscopy of exines of 
Lycopodium, Betula, Fagus and Rhododendron. An indication that exine tuft units, where 
they exist in pollen of angiosperms, may differ from structures in plants such as Selaginella 
is suggested by the work of Morbelli and Rowley (1993) and Rowley and Morbelli (1995) 
with megaspores of that taxa. They find evidence that uptake of nutrients in Selaginella 
megaspores takes place through wicks (plasmodesmatal equivalents) between exospore units 
whereas in angiosperum pollen the channels, where uptake presumably occurs, are located in 
the core of exine tufts like plasmodesmata between sporophytic cells of angiosperms 
(Rowley et al. 1987, Rowley 1995, Rowley et al. 1995). 
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Our aim was to analyze exine substructure by dissecting exines using chemical oxidation, 
fast atom erosion, plasma etching and fracturing methods. We wanted also to give special 
attention to the nature of the numerous small raised strucures between spinules on pollen of 
Artemisia and related taxa. The nature of these structures has been questioned ever since 
early use of scanning electron microscopy (SEM) in studies of Compositae (e.g., Ridgway 
and Skvarla 1969, Praglowski 1971, Skvarla et al. 1978). As part of our studies we have 
compared chemically fixed and epoxy embedded exines with electron micrographs of exines 
free of such treatment. 


MATERIALS AND METHODS 

We collected pollen from plants of Artemisia vulgaris L. (Asteraceae: Anthemideae) 
growing on the campus of Stockholm University. 

For scanning electron microscopy (SEM) mature anthers were wetted in 45% acetic acid, 
then put into Erdtman's (1960) acetolysis mixture. The acetolysis mixture was heated to 
100°C and held at that temperature for 4 min. After washing with 45% acetic acid followed 
by water, half of the exines were stored in acetone. The other half was divided into two 
aliquots and put into 0.9% solution of aqueous potassium permanganate for either 2 h or 24 h, 
then washed in 1 M phosphate buffer (pH 6.9) and stored in acetone. Exines were mounted 
on the emulsion side of disks cut from exposed ESTAR thick base electron microscope film 
( Kodak No. 4489). These disks were attached to SEM stubs with Araldite epoxy resin cured 
in an oven at ca 70°C. After mounting on SEM stubs some exines were exposed to fast atom 
sources (B11, B21B and 26M devices, all made by Ion Tech, Teddington, England). Other 
exines were subjected to plasma ashing (with a Nanotech Plasmaprep PI00) in an argon 
atmosphere for 12 min at 50 W. Description of pretreatment and duration of fast atom 
etching and plasma ashing (if different from the above) is given in the figure legends. 

Some grains of all these treatments were fractured. After exines were attached to SEM 
stubs with Araldite the epoxy resin oven-cured exines were pulled apart using "3M Scotch" 
sticky tape. The tape was first pressed onto the exines then pulled off. The resulting fractures 
could separate exines (Figs. 13-17) or only remove outer components (Figs. 22-27) 
depending upon pressure used in applying the sticky tape. Some sections were fractured by 
use of a freezing microtome (Fig. 32). The specimens were sputter coated with gold 
palladium using a Polaron E.5000 instrument with an annular target. 

For transmission electron microscopy (TEM) mature pollen from dehising anthers was 
fixed for two minutes with constant shaking in a mixture of 12% glutaraldehyde and 1% 
phosphotungstic acid adjusted to pH 7 with KOH. Then the mixture was diluted with an 
equal volume of 4% osmium tetroxide plus 1% phosphotungstic acid. Fixation was 
continued with end-over-end rotation of the containers for 20 min. Samples were dehydrated 
after fixation in an acetone series and embedding in Epon-Araldite. 

Scanning electron micrographs were made using a Hitachi S800 field emission 
instrument. A Zeiss EM-12B instrument was used for the TEMs. 
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RESULTS AND DISCUSSION 


At microscopic levels there is much that is known about the specifically different and 
even unique exine forms of plant groups but we know little of what is necessary for these 
constructions at nanostructural levels. In young stages the glycocalyx units of the plasma 
membrane-glycocalyx are tufts (Fig. 1). Tufts are closely spaced (Fig. 3) and arranged in 
such a way that they form hexagonal arrays (Figs. 33-37). In some cases tuft units are 
separated laterally by exine expansion (Fig. 38). Figures. 1-12 give information about early 
formation of the exine in Artemisia to better interpret the arrangment of exine tufts within 
mature pollen than is possible from mature stages alone. Figures 13-35 illustrate stages from 
young free microspores through mature pollen which depict tuft-units after acetolysis 
(Erdtman, 1960), oxidative and freeze fracture treatments. TEM (Figs. 18-21) and SEM (Figs. 
13-17, 22-32) of these preparations clearly emphasize the non-homogeneous nature of exines, 
with single and double tuft-units, respectively forming the foundations of the minor and 
major bacules. TEMs of tuft-units in Matricaria (Asteraceae:Anthemideae) (Figs. 36.37), in 
the same tribe as Artemisia , are also included in order to characterize the appearance of tuft- 
units in different sectional views in the tetrad stage. Our interpretation of tuft-units is 
summarized by wire-wound models as they appear in polygonal/hexgonal arrangement (Figs. 
33a and b) and with lateral separation (Fig. 38). Portions of some figures have been 
published elsewhere (see Acknowledgements). 

1. Summary of exine formation and development in Artemisia 

The exine is initiated by glycocalyx units of the plasma membrane (Fig. 1) which were 
called exine units or tufts (Rowley and Dahl 1977). The tufts form a mat (Fig. 2) before the 
end of the period of callosic envelopment. At the end of the microspore tetrad stage when the 
callosic envelope is digested, all bacules are ca 70 nm in diameter and consist of single tuft- 
units more-or-less evenly spaced. The diameter of the tufts does not differ greatly between 
the cell surface and the complex tectum or within the complex tectum. As development 
progresses there is insertion of an endexine and a foot layer (Fig. 4). Bacules tend to be 
clumped, and the clumps may become massively enlarged basally (Figs. 4-8) due to the 
addition of extra tuft sporopollenin. The complex tectum (Figs. 2 and 4) lacks spinules. This 
early formed complex tectum was called the "internal tectum" by Skvarla and Larson (1965) 
in mature pollen of Artemisia arbuscula and A. annua and other members of Asteraceae 
(Skvarla and Turner 1966). We agree that the early formed "complex tectum" is better 
described as the inner tectum. Formation of spinules on the inner tectum is a supratectal 
event (Figs. 5-8). 

The sections in Figs. 4 and 8 are from stages following the addition of extra-tuft 
sporopollenin but before much circumferential expansion of the exine. Individual tufts are 
bound together near the foot layer but distally they are free and straight. Clumped tufts 
(bacules) may appear to be distally branched since the several tuft-units within the clump 
splay laterally. As a result of this expansion they are free of extra tuft sporopollenin (Figs. 5- 

7 ). 



4 


TAIWANIA 


Vol. 44, No. I 


The continuity of bacules from the foot layer through the inner tectum is often unclear 
but there are sites that show such continuity (Figs. 4. 5, 7 and 8). In prevacuolate stages (Figs. 
5-7) the exine has expanded circumferentially, as a result, tufts bound together at their bases 
are splayed distally. 

In early free microspores the internal tectum with spinules "attached" appears compact 
(Fig. 9). At a similar magnification (i.e., ca 8.000X) the internal tectum on enlarged 
vacuolate microspores is much less compact (Fig. 10). In addition there is an outer zone of 
minor bacules, a continuous outer tectum and spinules well separated from the inner tectum. 
An early part of this change is illustrated in Fig. 11. In the more mature stage (Fig. 12) it is 
clear that minor bacules, outer tectum and spinules are external to the inner tectum. Our 
conclusion is that spinules are not permanent structures in this taxon. The supra-inner tectum 
spinules of the early free microspores (Figs. 5-9) are entirely different in location from those 
in the vacuolate stage (Figs. 10-12) and at maturity (e.g.. Fig. 14). Spinules of the early free 
microspores (Figs. 5-9) lie on the surface of the inner tectum but in the vacuolate stage (Fig. 
10) and later stages they are separated from the inner tectum by 0.5//. Spinules on the inner 
tectum appear robust (Fig. 8) but at a later stage (Fig. 10) they are slender. This outer tectum 
also appears slender at the later stage (Fig. 10). 

Tufts extend distally from the major bacules through the inner tectum and out to the outer 
tectum (Fig. 11). The excursions of tufts between the inner tectum and outer tectum are 
referred to as minor bacules (Rowley and Dahl 1977). Elements of the inner tectum, the 
minor bacules. outer tectum and spinules appear robust in the late microspore stage (Fig. 12). 

2. Structure of mature pollen exine 

In mature pollen most of the "major bacules" (bacules) are thick (Figs. 5-8. 10-12) but 
after some degradation, presumably of extra-tuft sporopollenin, they contain several tuft-unit 
structures (Figs. 11-15, 17). The tectal bacules may be composed of only one tuft-unit (Fig. 
16 and Rowley, 1996: Figs. 1 and 2). 

The small size of the minor bacules and internal tectum is apparent (Figs. 13-15, 20 and 
in Rowley, 1996: Figs. 1-2; Blackmore and Barnes. 1987: Fig. 20). 

Figs. 1-5. Transmission electron micrographs of early stages of Artemisia microspore development. 
I. Glycocalyx units (tufts; arrows) extend outward from the cell surface. Portions of tufts are circumferentially 
(tangentially) aligned (arrowheads). In cross sections tufts are circular (circular frame). Callose (C). Bar= 100 
nm. 2. Tufts (arrow) extend from the cytoplasmic surface and outward through the complex tectum (between 
asterisks) to the exine surface (arrowheads). Callose (C). Bar= I/mi. 3. Stage when the callosic envelope is 
degraded. The diameter of tufts does not differ greatly between the cell surface (P) and complex tectum 
(between asterisks). In this oblique section the tufts at the exine surface (arrows) show a circular binder zone 
which is stained (dark) and a core that is without contrast. Within the complex (inner) tectum tufts have a 
stained (dark) core and poorly contrasted binder region (see circled examples). The portion of this section at 
the lower right is less oblique than the rest and, as a result, some tufts appear in profile, i.e., rod-shaped. Bar = 
100 nm. 4. The section shows that several tufts are enveloped by new (extra tuft) sporopollenin between the 
partly formed foot layer (F). endexine (E) below the white line, and the complex tectum (between asterisks). 
Distal portions of the tufts retain the 70-100 nm diameter apparent in younger stages (Figs. 1-3). Tangential 
components of the complex tectum are separated (stretched out as compared to Fig. 2). The endexine (E) below 
the white line (junction plane between foot layer and endexine) is greatly thickened beyond the aperture 
margin (marked E). Bar= l/rm. 5. There is considerable difference in development of spinules and extra tuft 
sporopollenin around the circumference of this section. Some bacules are about the same width (arrows) as in 
Figs. I and 3. Bar= l//m. 
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3. Structure of mature pollen exines after tangential fracturing has removed portions of 
the "external" tectum and exposed tectal bacules and internal tectum 

From the time when a definite complex inner tectum is evident there are tufts extending 
through it (Figs. 2, 4, 16, 17, 20). Because TEM-sections are extremely thin few of them 
show tufts that protrude above the tectum (e.g., cf. Rowley and Dahl, 1977: PI. 30, 1). In 
SEMs, however, numerous protruding tufts are evident (e.g., 23-26). They are "C"-shaped 
with one side raised like a split-ring lock-washer (Figs. 26 and 30). These tufts are shown at 
relatively high magnification (i.e., 50,000X, Fig. 30) but many examples may be seen at 
lower magnifications (Figs. 24-26). 


4. Major bacules 

The major bacules in A. vulgaris appear when tetrads become free of callosic 
envelopment. They are all ca 70 nm in diameter and equally spaced (Fig. 3). The basal 
portions of some of these separate bacules become enveloped by sporopollenin (Fig. 4). 
Subsequently these bacules, or sporopollenin-enveloped groups of bacules, become 
separated laterally due to enlargment of the pollen exine (Fig. 5). The distal portions of 
bacules are relatively free of sporopollenin envelopment, and they splay out from their united 
base during lateral exine expansion (Figs. 5-7). As a result these major bacules appear to 
have distal "branches" (Fig. 7). Ontogenetically, however, no branching occurs but 
descriptions of mature form often refer to them as branched. The original tufts are simply 
splayed as a part of lateral pollen enlargement. 


Figs. 6-12. Transmission electron micrographs of the development of bacules, spinules and outer tectum 
external to the complex inner tectum. 6. The complex inner tectum (asterisk) is next to the wall of a tapetal cell 
(T). The basal portions of many bacules are bound together by sporopollenin while the distal portions of the 
bacules (tufts) remain separate. The tufts are splayed laterally due to exine expansion circumferentially. Bar: 
0.5//m. 7. Development of a spinule in this section involves two tufts (arrows) within the plane of the thin 
section. Lateral splaying of tufts, as described in Fig. 6, is pronounced below the arrows. The arrowheads 
mark tufts which extend outward through the inner tectum from bacules (B). Bar= l//m. 8. Bacules cross 
(arrows) the complex inner tectum and join spinules. The inner tectum is coated by a dark layer (arrowheads) 
which joins the spinules. Bar= 100 nm. 9. Early free microspores similar in stage to Fig. 4. The microspores 
were sectioned obliquely (top) and transversely (lower left). The complex inner tectum (asterisk) is compact 
with spinules in close proximity. This oblique section shows the relatively small width of many of the bacules 
(arrows) near to the inner tectum. Bar= 1/an. 10. These microspores are in the vacuolate stage and the section 
shows both oblique and transverse planes. The magnification is the same as in Fig. 9. The inner tectum 
(asterisks) is similar in width here (where the section is transverse as marked by an arrow) and in Fig. 9. The 
spacing of spinules external to the inner tectum has greatly increased during development. In obliquely 
sectioned portions of these microspores the bacules are small in diameter near to the inner tectum. The 
spinules (arrowheads) are not solid or as highly contrasted as they are in Fig. 8. Bar= 1 //m. 11. Microspore 
showing the exine early in the separation between the inner tectum (asterisk) and outer tectum (arrow). Tufts 
extend distally (arrowheads) between the inner and outer tectums. Bar= 1 /an. 12. Late microspore stage. The 
units of the inner tectum have been thickened by the addition of sporopollenin but while the size of units is 
greater the location and appearance of this complex tectum is similar to earlier stages (e.g.. Fig. 2). The outer 
tectum is continuous with spinule bases and is joined to the bacules between inner and outer tectums. Bar= 
1 /an. 
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It seems clear from Rowley and Dahl's (1977) TEMs that tufts can be continuous out to 
the tectal surface. This continuity can be seen early in development (Figs. 2, 4), and also in 
SEMs of partly degraded exines of mature pollen (Figs. 16, 19-21). We avoid the term 
"columellae" because tufts (exine unit-structures) extend from the plasma membrane out 
through endexine, foot layer, out through the inner tectum and outer tectum, whereas 
columellae are defined as extending from the foot layer out to support a tectum (or a caput) 
according to Iversen and Troels-Smith (1950) and Punt et al. (1994). Since "bacule" is a 
synthetic word not found in glossaries of pollen and spore terminology there is no problem in 
having a bacule or many bacules extend up through the tectum, beyond the tectal surface, or 
be parts of spinules, foot layer and endexine. 

In mature pollen, tufts have a core zone which appears to be empty in most cases. The 
binder zone around the core is ca 30 nm in width, due, we think, to 30 nm wide loops of the 
ca 10 nm wide core subunits which are interlaced between the binder subunits (see model in 
Fig. 38). These 30 nm wide loops are seen to some extent at the top of the spinule (Fig. 28); 
Rowley and Claugher, 1996: Figs. 19 and 20. Both binder and core subunits are 10 - 15 nm 
in diameter. 

5. Minor bacules and other supra-internal tectal components 

Rowley and Dahl (1977) and Rowley et al. (1981: PI. I) considered that some of the 
structures within the "internal tectum", which they referred to as the "labyrinth zone", 
became the radially arranged "minor bacules" external to the "internal tectum". We now 
understand that Rowley and Dahl's (1977) early formed "complex tectum" results only in the 
internal tectum; Rowley and Dahl had referred to the internal tectum as a "labyrinth zone" 
The bacular components (minor bacules ) external to the internal tectum are supratectal. 

6. Our interpretation of the tectum of Artemisia 

Figures 5-8 show that the exine consisting of tectal bacules and spinules is external to the 
"internal tectum" of Skvarla and Larson (1965). Thus the tectal bacules, the outer (or 
external) tectum and the spinules are supratectal or, at least, formed external to the internal 
tectum. 


Figs. 13-18. Scanning (Figs. 13-17) and transmission (Fig. 18) electron micrographs of mature Artemisia 
pollen. 13-14. Acetolysed pollen that was fractured to expose exine structure. In Fig. 13 an approximately 
equatorial fracture plane has exposed the three apertures. Bar= 10//m. In Fig. 14 the outer tectum is a 
continuous layer (see Figs 23, 25-26). Under the outer tectum there are minor bacules connecting with a 
labyrinth of units (the inner tectum) that connect with the major bacules. The major bacules connect with the 
foot layer and endexine. Bar= \/jm 15-17. Exine substructural units following acetolysis and oxidation with 
potassium permanganate and then plasma ashing. Tuft-units are evident throughout the exine. In Fig. 17 these 
units protrude downward (arrows) from the inner surface of the endexine. Bars - Figs. 15, 16 = I fjm. Fig. 17 
= 100 nm. 18. TEM of a thick (ca 100 nm) section of an exine oxidized with potassium permanganate. The 
method is considered to oxidize the exine and extract lipids including bound lipids. It is evident that the exine 
is not homogeneous after this treatment. The light parts of the figure are, presumably, the core zone of exine 
units. Stain: KMn04-UA-Pb. Bar= l//m. 
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Figs. 19-21. Transmission electron micrographs of sections of mature pollen contrasted with potassium 
permanganate followed by lead citrate. Exine tuft-units are more darkly contrasted than the secondarily 
accumulated sporopollenin between them. 19. The section shows the outer tectum (T), minor bacules 
(arrowhead), inner tectum (asterisk), major bacules (arrow), foot layer (F) and endexine (E). Bar= 1/rm. 20. 
Detail of the distal portion of the section of the exine in Fig. 19. In favorable planes of section minor bacules, 
which are composed of a single tuft show loops (arrows) that are ca 30 nm in diameter. The minor bacules are 
an integral part of the outer tectum (T). The inner tectum is between asterisks. Bar= 100 nm. 21. Detail of the 
proximal portion of the exine in Fig. 19. The major bacule at the right is made up of at least two tufts 
(arrowheads) in this plane of the thin (ca 60 nm thick) section. A tuft-unit in the foot layer shows binder coils 
(circular frame) in the outer part of the tuft. Tuft units in the foot layer are bent or become indistinct in the 
endexine (E). Bar=100nm. 
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Vezey et al. (1994) simplify the description of the internal tectum, tectal bacules and 
external tectum by calling it all "the double tectum". They refer to our major bacules as basal 
columellae and the minor bacules as infratectal columellae. In mature pollen they introduce 
and define "double tectum" as a pollen structure consisting of vertical unbranching 
infratectal columellae joined at proximal and distal rounded expansions to form an external 
and internal tectal layer. They do not interpret infratectal columellae of Anthemideae (which 
includes Artemisia) as continuations or branches of basal columellae because they are 
uniformly arranged irrespective of basal-columellae location and even in the absence of basal 
columellae. 

Our developmental observations of Artemisia show reason for disagreement with the 
Vezey et al. (1994) descriptions. The basal tuft units are not branched when they form at the 
end of the tetrad period and they are continuous "up" through the internal tectum and also 
later with infratectal columellae. The infratectal columellae (our minor bacules) are not 
lormed until after a major part of microspore enlargment and lateral spreading of the disal 
portions of tuft units. Basal columellae (major bacules) are most defintely branched and 
should be so described in mature pollen but developmentally each branch has a separate tuft 
unit in the "trunk" of the major bacule. 

Supratectal development is shown by Takahashi and Kouchi (1988) in the spinous exine 
in Hibiscus syriacus (Malvaceae). 

The material in Figs. 6 and 7 is from microspores younger than those in Figs. 5 and 8. 
Spinules are only partly formed in Figs. 6 and 7 and there is no definite (continuous) external 
tectum as there is in Figs. 5 and 8. 

7. Spinules 

Rowley and Dahl (1977) considered that there were spinules at early stages of Artemisia 
vulgaris (e.g., Fig. 2). We can defend the interpretation that the tufts in distal positions (Fig. 
3) are spinules. The same is true for the "spinules" in Figs. 6-9, but the spinules in Figs. 3, 6- 
9 are quite different in position to the spinules in Figs. 10-12 and also to those in Fig. 22 and 
later. The "spinules" in Fig. 3 appear to be single tuft-units while the one in Fig. 7 is part of 
at least two tufts in a thin section which is only about l/5th the diameter of the spinule. Thus 
the spinule in Fig. 7 is probably a part of at least ten tufts. The same could be supposed for 
the spinule at the right in Fig. 12. But the spinule in Fig. 7 "rests" upon the inner tectum 
while the spinules in Fig. 12 are separted by ca 0.3 /vm from the inner tectum. Tormo and 
Ubera (1995: PI. 16, I) fractured away the outer tectum and most of the minor bacules from 
pollen of Silybum eburneum (Asteraceae:Carducac). Their SEM shows "tufts" in Tee-P 
arrangments under the missing spines. Each "tuft-unit" is ca 100 run in diameter. 

We suggest that during development the spinules of A. vulgaris are not permanent but 
are part of a transport system that may be transitory during stages early in development. We 
consider that the "C"-shaped binder substracture at the exine surface is the distal end of a tuft 
unit (Figs. 2. 24, 26). Thus in mature stages only one tuft is apparent for each spinule (e.g., 
Fig. 28) but there may be many between them (e.g., Fig. 24). 
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8. What is the outer tectum in Artemisia ? 

The outer tectum is special in mature pollen grains (Figs. 22, 23, 25 and 26). The tufts 
come up through the tectum, but the tectum appears as a solid sheet when viewed in SEMs 
of moderate magnification (Figs. 25-27). At higher magnification, however, it is clearly 
evident that the outer tectum is composed of 10-15 nm subunits (Figs. 28 and 29). 

9. Some interpretations of the tectums of Asteraceae 

Nordenstam and El-Ghazaly (1977) described and illustrated an internal tectum in 
Amberboa tubuliflora (Centaureinae:Asteraceae). Southworth (1966, 1983) referred to such a 
zone as the "non-homogeneous layer" in Gerbera jamesonii (Asteraceae: Mutisieae), where 
the morphology is similar to that of Artemisia. Blackmore and Claugher (1987), Blackmore 
and Barnes (1987) and Blackmore (1990) describe an internal tectum in Scorzonera 
hispanica (Asteraceae: Vernonieae), Tragopogon porrifolius (Asteraceae: Vemonieae) and 
Echinops sphaerocephala (Asteraceae: Carueae) respectively. 

10. Our interpretation of tufts 

The relatively enormous dimensions of glycocalyx units (exine tuft-units), the basic 
components of exines, are almost large enough to be visualized with the light microscope. 
Erdtman (1969: Plate 93) and Raj (1961: PI. 35, 3; PI. 36 ) actually did this with the help of 
P. Goldman and his UV microscopy at the Palynological Laboratory in Solna, Sweden. 
They resolved the bacules of Thunbergia (Acanthaceae) which TEMs show to be ca 100 nm 
in diameter (Claugher 1986). The SEMs of Torino and Ubera (1995: PI. 16,1, J) show spine 
components and "minor bacules" that are about 100 nm in diam. 

The binder zone around the core is ca 30 nm in width-due, we think, to 30 nm wide 
loops of the core subunits. In a few cases we have seen protruding tufts with a complex 
arrangment of 10-15 nm wide subunits. Both the core subunits and binder subunits are 10-15 
nm in diameter. 

Figs. 22-27. Scanning electron micrographs of the exine of mature Artemisia pollen following acetolysis, 
oxidation with potassium permanganate, etching with a fast atom source and then fractured. Bars= l//m. 22. 
Pollen grain exine with the continuous (outer) tectum fractured away from the lower portions of two 
interapertural sectors. Both spinules and the ends of tuft-units between spinules (see Figs. 24 and 26) are 
evident.Bar= 10//m. 23. In this grain the fracture has removed the outer tectum in the polar region at the ends 
of apertures. The external ends of the minor bacules exposed by this fracture are interconnected by straps that 
outline a reticulm-like muri (see Fig. 25). Spinules were positioned above the relatively large spaces between 
minor bacules (one such site is framed by a circle). Most spinules show a central "hole" (arrowheads). 24. 
Surface of the exine showing spinules (arrow) and the ends of tuft-units (arrowheads) that protrude from the 
tectum. Many of the protruding tuft-units are "C" shaped. 25. A surface fracture that has partly removed the 
outer tectum (arrow) and exposed both the underlying zone of minor bacules and the labryinth of tufts of the 
inner tectum (asterisk). Units of the inner tectum are displaced, arranged in a circle (arrowheads) under 
spinules. 26. Surface of the tectum at the right. Between spinules (arrows) there are many tuft-unit structures 
protruding from the tectum. Many of these are "C"-shaped (arrowheads). The infratectal zone at the left was 
exposed by a fracture (see Fig. 22). The exposed components are "minor bacules" (see Figs. 12 and 20). These 
are arranged in a circle (circular frame) under spinules. 27. This is the under surface of the continuous outer 
tectum. Arrows mark the "indentations" of two of the spinules. The light structures have remained attached to 
the under surface of the tectum through separation of the tectum from the rest of the exine. The isolated light 
structures (arrowheads) are presumed to connect with the tufts that protrude from the outer surface of the 
tectum. 
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Figs. 28-31. Features of exine substructure in scanning electron micrographs. 28. Tuft independent 
sporopollenin has been removed by acetolysis followed by oxidation with potassium permanganate. At the 
summit of the spinule there is a C-shaped exine component, presumably a binder coil of a tuft-unit, that has 
loops ca 30 nm (arrowheads) in diameter interdigitated with it. Our interpretation is that the C-shaped loop is a 
binder subunit while the 30 nm wide loops are core subunits. Bar= 100 nm. 29. Preparation was the same as 
Fig. 28. The main feature is a spinule with a "hole” in its peak. The surface of the spinule shows a great many 
rod-shaped subunits. There is one protruding exine unit (arrow). This unit shows a highly organized 
arrangment of subunits (arrowheads). Except for the treatment (no fast atom etching or fracturing) the unit is 
comparable with the many that project from the exine surface in Figs. 24 and 26. Bar= 100 nm. 30. An 
Artemisia pollen gain following acetolysis, oxidation with potassium permanganate, and etching with a fast 
atom source. Several tuft structures are exposed in on end views showing the split-ring C-shaped configuration 
(arrowheads in Fig. 28). Bar = 0.5 //m. 31. Artemisia pollen grain treated the same as in Fig. 29. The exine 
surface is eroded and there are a great many tuft-units (arrows) between the spinules (arrowheads). Bar = 1 /mi. 
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11. Why is extra tuft sporopollenin ("receptor-independent sporopollenin") added 

around and between tufts? 

We believe that the exine is a sporopollenin coated glycocalyx, following the suggestion 
of Bennett (1969a, b) with regard to other plant cell walls, e.g., cuticles. Why is the plasma 
membrane surface coating impregnated with sporopollenin? Staehelin and Pickett-Heaps 
(1975) proposed that the outer wall of sporopollenin in the alga Scenedesmus prevented 
infection and resisted enzymes. O'Brien and Thimann (1967) and O'Brien (1970) found that 
the primary cell wall components, including cellulose of tracheids and vessels, could be 
hydrolyzed before there was a secondary addition of lignin. They concluded that lignification 
protected against hydrolysis. Accumulation of sporopollenin may similarly protect 
glycocalyx components within tufts from hydrolysis and exocellular enzymes. 


12. What is removed by oxidative treatment? 

Since the work of Nowicke et al. (1986) it has been apparent that a part of the exine was 
subject to removal by various oxidative exposures while other parts were not. Nowicke et al. 
used plasma-ashing on many species of Paeonia (Paeoniaceae) and found that rod-shaped 
processes were exposed in exines whereas they had not been evident prior to ashing. 

The original sporopollenin, or at least that in the rod shaped tufts, is more resistant to the 
oxidative methods we have used. 

13. What is the basis of the hexogonal arrangement of exine components? 

Early in exine formation, before there is substantial addition of secondarly accumulated 
sporopollenin, TEM sections that are tangential or oblique show close-packed tuft-units 
having a polygonal or hexagonal arrangment. This is apparent in Matricaria microspores 
(Figs. 36 and 37) as well as in numerous other taxa (e.g., Artemisia (Rowley and Dahl 1977, 
shown here in Fig. 33); Calluna (Ericaceae) (Hesse 1985, Dahl and Rowley 1990-91); 

Figs. 32-37. Scanning (Fig. 32) and transmission (Figs. 33-37) electron micrographs of polygonal structures in 
exines. 32. This is an SEM of a fractured section, made with a freezing microtome, of a mature pollen grain of 
Artemisia. The foot layer and endexine at the bottom of the figure appears cut while the upper part of an 
internal area in the exine was fractured. The structure in the circular frame is hexagonal with six or more side 
extensions; this morphology is seen in the TEM and models in Fig. 33. An obliquely fractured unit is marked 
by an arrow. Bar= 0.5/mi. 33. Part of a micrograph in Rowley et al. (1981: Fig. 11). The hexagonal pattern in a 
sectioned spinule of an Artemisia microspore is in a glancing section normal to the axes of eight or more close 
packed tuft-units. The wire model (33a & b) inserted in the figure shows our interpretation of tubular binder 
and core subunits. White lines are drawn between the interdigitated "units" in Fig. 33b. It is the interdigitated 
binder subunits of exine units which result in hexagonal images in TEM sections (Figs. 33-35 and 37). Stain: 
PA-TCH-SP for carbohydrates. Bar= 100 nm. 34. Section of the foot layer (F) and a bacule (B) of Artemisia 
showing polygons throughout the exine. (Part of a micrograph in Rowley et al. 1981: Fig 13). Stain: only silver 
proteinate. Bar= 100 nm. 35. A negatively stained TEM section of an area within the endexine (E), foot layer 
(F) and a bacule (B) of Artemisia pollen. Many of the units in this figure are sectioned obliquley and show the 
core zone as rods (arrows) but others are circular to polygonal as in Fig. 34. The figure is part of a micrograph 
in Rowley et al. (1981: Fig. 30A & B). 36 and 37. Early tetrad stage in microspores of Matricaria inodora L. 
The closely spaced tuft-units will become the bacules in this species. Figure 36 shows the tuft-units in 
longitudinal section while the section in Figure 37 shows many units in transverse section. A few in Fig. 37 
have been sectioned obliquely (arrowheads) and appear as rods. The contact ("wall") between units in Fig. 37 
is for the most part polygonal. Bars= 1 pan. 
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Fig. 38. Transmission electron micrograph and models of tufts and subunits of the Artemisia exine. Core 
subunits in the exine and the wire-wound model are noted by the double headed arrow. There is a line between 
coiled binders exposed in the TEM section and a binder subunit in the model. The three tuft units in the 
drawings at the right show core subunits with ca 30 nm wide loops interdigitated with (between) binder 
subunits (The ca 30 nm wide loops of ca 10 nm wide subunits are marked by arrows in Fig. 20.). According to 
our interpretation it is these interdigitated loops that give the exine surface a bumbled aspect (arrowheads). 
Several of the ca 30 nm wide loops are circled where they are seen in surface views. Preparation: Relatively 
thick section (ca 150 nm) for TEM of partially oxidized exine shadowed with Pd-Au after complete removal of 
epoxy embedding plastic. Bar= 0.5 //m. 


Triticum (Poaceae) (El-Ghazaly and Jensen 1985, 1986, they call the arrangment as a honey 
comb pattern); Borago (Boraginaceae) (Gabarayeva <?/ al. 1998); Echinodorus 
(Alismataaceae) (El-Ghazaly and Rowley in press); Borago. Echinodorus. Matricaria (El- 
Ghazaly et al. in press). In mature exines it may be necessary to use special contrasting that 
differentiates the core and binder zones of tufts in order to recognize the hexagonal 
arrangment of exine compontents (e.g.. Figs. 34 and 35). Fortuitous fractures as in Fig. 32 
also indicate the arrangment of tufts. 

The models in Figs. 33a and b render our interpretation of the hexagonal/polygonal 
arrangment of tuft-units. While each unit is circular (Fig. 33a) in their close-packed 
condition the binder subunits are interdigitated and thus units appear as a hexagonal complex 
(Fig. 33b). 
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